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(57) ABSTRACT

An equalization filter structure for filtering an audio signal
within an audio system is disclosed. The equalization filter
comprises a first and a second shelving filter each having a
fixed first and a fixed second phase response, each of which is
determined by a respective cut-off frequency and Q factor
which represent the transfer characteristic of the correspond-
ing shelving filter. The first and the second shelving filters are
coupled in series and each shelving filter comprises at least
one fourth order low-pass filter having a cut-off frequency, a
Q factor and a first broadband gain and further at least one
fourth order high-pass filter having a second broadband gain
and the same cut-off frequency and the same Q factor as the
low-pass filter. The fourth order low-pass filter and the fourth
order high-pass filter are connected in parallel, such that both
filters receive the same input signal and the corresponding
filtered signals are summed to form a respective shelving
filter output signal. Each fourth order low-pass and high-pass
filter is composed of a cascade of two second order low-pass
or high-pass filters, respectively, and each second order filter
has the same cut-off frequency and Q factor as the corre-
sponding shelving filter.

8 Claims, 8 Drawing Sheets
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DIGITAL EQUALIZING FILTERS WITH
FIXED PHASE RESPONSE

CLAIM OF PRIORITY

This patent application claims priority from EP Applica-
tion No. 11 194 115.9 filed Dec. 16, 2011 which is hereby
incorporated by reference.

FIELD OF TECHNOLOGY

The invention relates to digital equalization filters, which
may be used for the purpose of sound tuning or equalization
of'audio systems so as to achieve a sound impression desired
by the listener(s).

RELATED ART

Modern sound systems which are used, for example, in
automobiles, typically include a plurality of single loud-
speakers configured into highly complex loud-speaker arrays
located at different positions of a listening room (e.g., in a
passenger compartment of a vehicle). Such sound systems
used to be tuned (i.e., optimized) “manually” by acoustic
engineers individually for each room or type of room. Usually
the tuning is performed subjectively based on the experience
and “trained” hearing of the acoustic engineers. The acoustic
engineers may therefore use analog or digital filter circuits
and tune the filter parameters to achieve a desired, pleasant
sound impression

Automatic and semi-automatic methods have been devel-
oped which are able to perform the task of sound tuning with
no or little human interaction. Usually only desired impulse
and phase responses (target transfer functions) are defined by
the engineers. The target transfer function usually represents
the (e.g., binaural) impulse and phase response of an audio
signal at a defined listening position within the listening
room. Generally digital filters are used for audio signal pro-
cessing. Usually not only is the magnitude response tuned to
match a desired characteristic, but the phase responses are
also tuned to influence the resulting sound impression.

Particularly when applying automatic sound tuning meth-
ods it may be desirable that phase and magnitude response
can be adjusted independently from each other. However,
many classes of digital filters distort the magnitude response
when designed to provide a well-defined phase response (and
vice versa) as phase and magnitude cannot be set indepen-
dently. One possibility to “shape’ a magnitude response with-
out destroying the (already tuned) phase relations between
the audio signals provided by the different audio channels is
to use linear phase filters (e.g. finite impulse response filters,
also referred to as FIR filters).

Linear phase filters have, however, some undesired prop-
erties which may give rise to adverse effects known as “pre-
ringing” and “temporal diffusion”. Thus there is a need for a
filter which behaves like a minimum phase filter, but has a
fixed phase (non-linear) response that does not change when
adjusting the magnitude response of the filter. Such a filter
would allow for manipulation of the magnitude response
without destroying the (already tuned) phase relations
between the different channels of the audio system. At the
same time, the un-desired properties of linear phase filters
would be avoided.

SUMMARY OF THE INVENTION

An equalization filter structure for filtering an audio signal
within an audio system comprises a first and a second shelv-
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2

ing filter each having a fixed first and a fixed second phase
response, each of which is determined by a respective cut-off
frequency and Q factor which represent the transfer charac-
teristic of the corresponding shelving filter. The first and the
second shelving filters are coupled in series and each shelving
filter comprises at least one fourth order low-pass filter having
a cut-off frequency, a Q factor and a first broadband gain and
further at least one fourth order high-pass filter having a
second broadband gain and the same cut-off frequency and
the same Q factor as the low-pass filter. The fourth order
low-pass filter and the fourth order high-pass filter are con-
nected in parallel, such that both filters receive the same input
signal and the corresponding filtered signals are summed to
form a respective shelving filter output signal. Each fourth
order low-pass and high-pass filter is composed of a cascade
of two second order low-pass or high-pass filters, respec-
tively, and each second order filter has the same cut-off fre-
quency and Q factor as the corresponding shelving filter.

Further, a corresponding method for equalizing audio sig-
nals is disclosed.

These and other objects, features and advantages of the
present invention will become apparent in light of the detailed
description of the embodiments thereof, as illustrated in the
accompanying drawings. In the figures, like reference numer-
als designate corresponding parts.

DESCRIPTION OF THE DRAWINGS

The invention can be better understood with reference to
the following drawings and descriptions. The components in
the figures are not necessarily to scale, instead emphasis
being placed on illustrating the principles of the invention.
Moreover, in the figures like reference numerals designate
corresponding parts. In the drawings:

FIG. 1 is a Bode plot of a second order low-pass filter and
a second order high-pass filter, each filter having the same
cut-oft frequency and Q factor;

FIG. 2 is a Bode plot of a fourth order low-pass filter and a
fourth order high-pass filter, each filter being a cascade of two
second order low-pass filters or, respectively, high-pass filters
having the same cut-off frequencies and Q factors;

FIG. 3 is a block diagram illustrating a filter structure
having a fixed phase response, the filter structure includes a
parallel circuit of a fourth order low-pass and a fourth order
high-pass filter as illustrated in FIG. 2, each filter may have an
individual broadband gain;

FIG. 4 is a Bode plot illustrating the magnitude and fre-
quency responses of the filter structure of FIG. 3 for different
broadband gains, the phase response being fixed and inde-
pendent of the broadband gains;

FIG. 5 is a block diagram illustrating a filter structure
including two shelving filters as illustrated in FIG. 3 con-
nected in series, each shelving filter may have a different
cut-oft frequency and Q factor;

FIG. 6 is a Bode plot for the filter structure of FIG. 5 for two
different Q factor values wherein all other parameters (broad
band gains, cut-off frequencies) are fixed;

FIG. 7 is a Bode plot for the filter structure of FIG. 5
wherein different parameters (cut-off frequencies and Q fac-
tors) are used for each shelving filter; and

FIG. 8 illustrates the application of equalization filters in an
audio system.

DETAILED DESCRIPTION OF THE INVENTION

For the use as equalization filters (digital or analog) filter
structures should provide a few parameters via which the
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filter characteristic can be adjusted. That is, the magnitude
response over frequency may be adjusted by tuning only one
or a few parameters. One example of commonly used filters
are second order low-pass and high-pass filters which may be
characterized by the following parameters: cut-off frequency
(symbol ), Q factor (symbol Q), and broadband gain (sym-
bol G). In a digital implementation such filters are often
implemented as biquadratic infinite impulse filters (biquad
IIR filters). FIG. 1 illustrates the bode plots of a second order
low-pass and a second order high-pass filter, each filter hav-
ing a broadband gain G of zero decibel (G=1 or G=0 dB), a
cut-oft frequency f. of one kilohertz (f._1 kHz) and a Q
factor of 0.5. It should be noted that the phase responses of the
two filters (low-pass and high-pass) are equal except for the
constant phase shift (offset) of 180° between the phase
responses.

When cascading (i.e., connecting in series) two second
order low-pass filters or two second order high-pass filters,
each having the same cut-off frequency and Q factor, the
resulting fourth order filters have exactly the same phase
response, irrespective of whether it is a low-pass filter or a
high-pass filter. The corresponding Bode plots of the resulting
fourth order (low-pass and high-pass) filters is illustrated in
FIG. 2. It should be noted that the filter characteristic of the
fourth order low-pass and high-pass filters is only character-
ized by two filter parameters, namely the cut-off frequency f~
and the Q factor. Further, a broadband gain G may be
included. However, varying the broadband gain would only
shift the magnitude response along a vertical axis (i.e., add a
constant offset in dB) without having any other effect on the
magnitude response as such.

FIG. 3 illustrates a parallel circuit of a fourth order low-
pass (denoted as [L.P4) and a fourth order high-pass (denoted
as HP4). Each of the two parallel signal paths (signal
branches) includes an individual broadband gain denoted as
G p. and G, respectively. The fourth order filters LP4, HP4
are composed of a cascade of two second order low-pass or,
respectively, high-pass filters, and have a magnitude and
phase characteristic as illustrated in the Bode plot of FIG. 2.
It should be noted that each of the two filters LP4, HP4 use the
same Q factor and the same cut-off frequency. The resulting
filter structure illustrated in FI1G. 3 can be regarded as shelv-
ing filter. The input signal supplied to the filter is denoted as
S,, the filtered output signal is denoted as S,. The magnitude
and phase characteristics of the shelving filter of FIG. 3 is
illustrated in FIG. 4 for f._1 kHz and Q=0.5 and various
values of the broadband gains G;, and Gp. It should be
noted that the phase response is fixed and remains unchanged
regardless of whether the filter is configured as “low shelf
filter” (for bass control) or “high shelf filter” (for treble con-
trol). It should be further noted that the fourth order filters
LP4, HP4 may be replaced by cascades of such fourth order
filters, thus effectively realizing filters of the order 4-n (4
times n), whereby n is an integer number greater than one. The
phase response of the shelving filter is identical to the phase
response of an all-pass filter of the same order using the same
design parameters (cut-off frequency, Q factor).

FIG. 5 illustrates one example of a generic equalization
filter with a fixed phase response. The equalization filter is
composed of a series circuit of two shelving filters as illus-
trated in FIGS. 3 and 4, wherein each shelving filter may
include low-pass and high-pass filters of the order of 4-n and
4-n with n and m equals integer numbers greater than or equal
to one. The first shelving filter is characterized by the param-
eters f, (cut-off frequency) and Q, (Q factor) and the second
shelving filter connected to the first shelving filter down-
stream thereon is characterized by the parameters f, (cut-off
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frequency) and Q, (Q factor). The broadband gain factors
associated with each high-pass and low-pass filter are denoted
as Ggpy, Grprs Gy and G;p,. The subscripts indicate
whether the gain is associated with a low-pass (LP) filter or a
high-pass (HP) filter and whether the gain is in the first or the
second shelving filter. As the shelving filters have a fixed
phase response (provided with a fixed cut-off frequency and a
fixed Q factor), the generic equalization filter of FIG. 5 also
has a fixed phase response which does not change when
modifying the magnitude response by adjusting the broad-
band gain factors Gz, Grp1s Grps, and Gy p,.

FIG. 6 illustrates the magnitude and frequency responses
of'the equalization filter of F1G. 5 for two exemplary configu-
rations (Q,=Q,=Q5,,,~1 and Q,=Q,=Q,,=0.5) wherein the
remaining parameters are constant (m=n=1, G=G,, =1/
Gyp,=1=0 dB, G=G4»,=1/G;,=1=0 dB, f.,=f.,=1 kHz).
The phase response is dependent on the Q factor which is kept
fixed while tuning the equalization filters by adjusting the
gain G. It should be noted that it is the value of the Q factor
which determines whether the filter provides amplification
(Q=Qjp,,s~2) or attenuation (Q=Q_,,=0.5), whereas the “bor-
der case” is an all-pass when the Q factor equals the square
root of %4.

FIG. 7 illustrates a Bode plot for a more general case of the
equalization filter of FIG. 5 (referred to as filter H in FIG. 7).
In this example the following settings apply:

Gy p1=Gpy=3 dB (adjustable),

Gyp, =G, ,=—3 dB (adjustable),

f-1=200 Hz,

f-,=2000 Hz,

m=n=1,

Q,=0.5, and

Q2.

Analogous to the previously shown examples the phase
response remains fixed while the magnitude response is tuned
by adjusting the broadband gains values Gz, G515 Grpas
and Gy p,. It is always possible to create an all-pass (referred
to as H,, in FIG. 7) with exactly the same phase response as
the equalization filter H by choosing the appropriate param-
eters.

FIG. 8 illustrates one exemplary application of equalizing
filters as described herein. A signal source 1 which provides
an audio signal may be, for example, an FM or a DAB tuner,
an MP3 player, a compact disc player or the like. The audio
signal may be a mono signal, a stereo signal or a multi-
channel surround sound signal which is provided as a digital
signal or digitized using appropriate analog-to-digital con-
verters. In the example of FIG. 8 the audio signal is supplied
to a digital audio signal processor which may perform some
digital signal pre-processing operations such as, for example,
converting a stereo signal provided from the signal source
into a surround sound signal (e.g., 14 audio channels for
Dolby Digital Plus coding). The pre-processed audio signals
(referred to as CH1, CH2, CH3, etc) of the different audio
channels may be supplied to separate equalizing filters H;,
H,, H; which have a filter structure, as illustrated in FIG. 5,
that is a cascade of two or more shelving filters as illustrated
in FIG. 3. The equalized audio signals are provided to a power
amplifier 3 and the corresponding output signals are supplied
to the loudspeakers LS, LS,, LS;, etc. It should be noted that
FIG. 8 is a schematic view and components such as digital-
to-analog filters, sampling rate converters, etc. which are not
necessary to describe the application of the equalizing filters
described herein have been omitted for the sake of clarity.

Some important aspects of the invention are summarized in
the following paragraphs. However, the elements discussed
below are not considered to be a complete list.
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An equalization filter structure for filtering an audio signal
within an audio system is described in general. The equaliza-
tion filter comprises a first and a second shelving filter,
whereby each shelving filter has a fixed phase response, each
of' which is determined by a respective cut-oft frequency and
Q factor which represent the transfer characteristic of the
corresponding shelving filter. The first and the second shelv-
ing filters are coupled in series and each shelving filter com-
prises at least one fourth order low-pass filter and at least a
fourth order high-pass filter. The fourth-order low-pass filter
has a cut-off frequency, a Q factor, and a first broadband gain.
The fourth order high-pass filter has a second broadband gain
and the same cut-off frequency and the same Q factor as the
fourth order low-pass filter. Both the fourth order low-pass
filter and the fourth order high-pass filter are connected in
parallel, such that both filters receive the same input signal
and the corresponding filtered signals are summed to form a
respective shelving filter output signal. Each fourth order
low-pass and high-pass filter is composed of a cascade of two
second order low-pass or high-pass filters, respectively. Thus
each second order filter has the same cut-off frequency and Q
factor as the corresponding shelving filter.

The fourth order (high-pass and low-pass) filters may be
substituted by a cascade of two or more fourth order (high-
pass and low-pass) filters all having the same structure.

The cut-off frequencies and the Q factors of the filters
composing one individual shelving filter are pre-defined and
fixed whereas the broadband gains are variable to adjust the
magnitude response of the shelving filter in a desired manner.
This may be done separately for each shelving filter. The first
and the second shelving filter may be implemented as bass
and treble shelving filter, respectively.

In one specific embodiment the cut-off frequencies and the
Q factors of all shelving filters are fixed and predefined,
whereas the broadband gains are individually adjustable for
each shelving filter. Particularly the broadband gain of a
fourth order low-pass may be the reciprocal value of the
broadband gain of the corresponding fourth order high-pass
of the same shelving filter. A bode diagram corresponding to
this example, which is a special configuration of the filter
structure of FIG. 5, is shown in FIG. 6. The circuit illustrated
in FIG. 5, wherein the broadband gains follow the equation
G=G;,=1/Gpy=Gpy=1/G} s, is of particular relevance as
such filters may be usefully employed as peaking filter (boost
and cut filters).

The equalization filter structure described herein may gen-
erally be applied to each individual channel of a multi-chan-
nel audio system. In this case the equalization filter structure
applied to each individual audio channel is configured to
provide the same fixed phase response.

Particularly the equalization filter structures of all indi-
vidual audio channels all may have pre-defined and fixed
Q-factors and cut-off frequencies and adjustable broadband
gains for adjusting the magnitude response of the respective
equalization filter structure.

Although various exemplary embodiments of the invention
have been disclosed, it will be apparent to those skilled in the
art that various changes and modifications can be made which
will achieve some of the advantages of the invention without
departing from the spirit and scope of the invention. [t will be
obvious to those reasonably skilled in the art that other com-
ponents performing the same functions may be suitably sub-
stituted. It should be mentioned that features explained with
reference to a specific figure may be combined with features
of other figures, even when not explicitly mentioned. Further,
the methods of the invention may be achieved in either all
software implementations that use the appropriate processor
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instructions or in hybrid implementations that utilize a com-
bination of hardware logic and software logic to achieve the
same results. Finally, an implementation using analog filter
circuits may be possible, too. Such modifications to the inven-
tive concept are intended to be covered by the appended
claims.

The applicant hereby discloses in isolation each individual
feature described herein and any combination of two or more
such features, to the extent that such features or combinations
are capable of being carried out based on the present specifi-
cation as a whole and in the light of the common general
knowledge of a person skilled in the art, irrespective of
whether such features or combinations of features solve any
problems disclosed herein, and without limitation to the
scope ofthe claims. The applicant indicates that aspects of the
present invention may consist of any such individual feature
or combination of features. In view of the foregoing descrip-
tion it will be evident to a person skilled in the art that various
modifications may be made within the scope of the invention.

Although the present invention has been illustrated and
described with respect to several preferred embodiments
thereof, various changes, omissions and additions to the form
and detail thereof, may be made therein, without departing
from the spirit and scope of the invention.

What is claimed is:

1. An equalization filter structure for filtering an audio
signal within an audio system, the equalization filter compris-
ing:

a first and a second shelving filter having a fixed first and a
fixed second phase response, each of which is deter-
mined by a respective cut-off frequency and Q factor
which represent the transfer characteristic of the corre-
sponding shelving filter;

wherein the first and the second shelving filters are coupled
in series and each shelving filter comprises (i) at least
one fourth order low-pass filter having a cut-off fre-
quency, the Q factor and a first broadband gain and (ii) at
least one fourth order high-pass filter having the same
cut- off frequency and the same Q factor as the low-pass
and further having a second broadband gain;

wherein the fourth order low-pass filter and the fourth order
high-pass filter are connected in parallel, such that both
filters receive the same input signal and the correspond-
ing filtered signals are summed to form a respective
shelving filter output signal; and

wherein each fourth order low-pass and high-pass filter is
composed of a cascade of two second order low-pass or
high-pass filters, respectively, each second order filter
having the same cut-off frequency and the Q factor as the
corresponding shelving filter.

2. The equalization filter structure of claim 1, wherein the
cut-oft frequencies and the Q factors of the filters comprising
one shelving filter are, separately for each shelving filter,
pre-defined and fixed and the broadband gains are variable to
adjust the magnitude response for equalizing the audio signal
in a desired manner.

3. The equalization filter structure of claim 1 wherein the
first and the second shelving filter are a bass and a treble
shelving filter, respectively.

4. The equalization filter structure of claim 3 wherein the
cut-oft frequencies and the Q factors are fixed and predefined
for the shelving filters and the broadband gains are individu-
ally adjustable for each of the shelving filters.

5. The equalization filter structure of claim 1, wherein each
shelving filter comprises:

a second fourth order low-pass coupled in series to the first

fourth order low-pass; and
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asecond fourth order high-pass coupled in series to the first

fourth order high-pass.

6. The equalization filter structure of claim 5, wherein the
fourth order low-pass filter of the first shelving filter has a
broadband gain G, the fourth order high-pass filter of the first
shelving filter has a broadband gain G-1, the fourth order
low-pass filter of the second shelving filter has a broadband
gain G-1, and the fourth order high-pass filter of the second
shelving filter has a broadband gain G, thus implementing a
peaking filter with a constant phase characteristic, the mag-
nitude response of the peaking filter being adjustable by
adjusting the broadband gain G.

7. A method for equalizing an input audio signal associated
with one respective audio channel of an audio system, the
method comprising:

filtering the input audio signal using a first and a second

shelving filter having a fixed first and a fixed second
phaseresponse, each of which is determined by arespec-
tive cut-off frequency and Q factor which represent the
transfer characteristic of the corresponding shelving fil-
ter;

wherein the first and the second shelving filters are coupled

in series and each shelving filter comprises (i) at least

8

one fourth order low-pass filter having a cut-off fre-
quency, the Q factor and a first broadband gain and (ii) at
least one fourth order high-pass filter having the same
cut-off frequency and the same Q factor as the low-pass
and further having a second broadband gain;

wherein the fourth order low-pass filter and the fourth order

high-pass filter are connected in parallel, such that both
filters receive the same input signal and the correspond-
ing filtered signals are summed to form a respective
shelving filter output signal; and

wherein each fourth order low-pass and high-pass filter is

composed of a cascade of two second order low-pass or
high-pass filters, respectively, each second order filter
having the same cut-off frequency and the Q factor as the
corresponding shelving filter.

8. The method of claim 7, wherein the cut-off frequencies
and the Q factors of the filters comprising one shelving filter
are, separately for each shelving filter, pre-defined and fixed,
and the method further comprises:

adjusting the broadband gains to adjust the overall magni-

tude response of the shelving filters for equalizing the
audio signal in a desired manner.
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